Continuous exposure of cattle to summer heat in the absence of shade results in significant hyperthermia and impairs growth and general health. Reliable predictors of heat strain are needed to identify this condition. A 12-day study was conducted during a moderate summer heat period using 12 Angus x Simmental (Bos taurus) steers (533± 12 kg average body weight) to identify animal and ambient determinations of core body temperature (T core ) and respiration rate (RR) responses to heat stress. Steers were provided standard diet and water ad libitum, and implanted intraperitoneally with telemetric transmitters to monitor T core hourly. Visual count of flank movement at 0800 and 1500 hours was used for RR. Dataloggers recorded air temperature (T a ), and black globe temperatures (T bg ) hourly to assess radiant heat load. Analysis was across four periods and 2 consecutive days averaged within each period. Average T a and T bg increased progressively from 21.7 to 30.3°C and 25.3 to 34.0°C, respectively, from the first to fourth periods. A model utilizing a quadratic function of T a explained the most variation in T core (R 2 =0.56). A delay in response from 1 to 3 h did not significantly improve R 2 for this relationship. Measurements at 0800 and 1500 hours alone are sufficient to predict heat strain. Daily minimum core body temperature and initial 2-h rise in T a were predictors of maximum core temperature and RR. Further studies using continuous monitoring are needed to expand prediction of heat stress impact under different conditions.
Introduction
Cattle throughout the world are repeatedly exposed to heat stress during summer months, and this often occurs in the absence of shade and with direct exposure to solar radiation. The result is a significant loss in productivity and impaired wellbeing (as reviewed by Fuquay 1981; Silanikove 2000; Collier and Zimbelman 2007) . Although there have been numerous studies of cattle performance in the field environment over a series of days, they have lacked detailed measurements of thermal status (Yousef 1989) . Other studies in controlled laboratory environments have made precise measurements of thermoregulatory effector response to heat stress but only over a period of several hours. Only recently have studies begun to make detailed measurements in the field over a period of time representative of normal exposure during the summer (Lefcourt and Adams 1996; Brown-Brandl et al. 2005a; Eigenberg et al. 2005; Mader and Kreikemeier 2006; Gaughan et al. 2008; Arias and Mader 2009 ). Current measurements include air (T a ) and black globe (T bg ) temperatures, temperature humidity index (THI), which combines T a and percent relative humidity (%RH), and the modified Black Globe Temperature Humidity Index (BGTHI), which utilizes T bg in place of T a . The purpose of this study was to identify the best predictors of heat strain by use of core body temperature (T core ) as a response to ambient conditions. By continuously monitoring T core and ambient conditions, comparisons can made between ambient conditions (T a , T bg , and %RH) and the generated indices (THI and BGTHI) to determine the best predictors of thermal status.
The primary objective of this study was to utilize ambient and animal indicators of thermal stress and strain, respectively, to better predict the heat stress responses of unshaded and undisturbed feedlot cattle. This objective was realized by a series of steps that determined (1) the relationships between individual ambient variables and animal thermal status, (2) the delayed animal response to thermal stress, (3) the minimal set of observations required (data collection strategy) to identify peak daily thermal strain, and (4) the best combination of these determinants, using stepwise regression analysis, to predict thermal status in a heat challenging environment.
Materials and methods

Animals
Twelve Angus × Simmental steers (533 ± 12.26 kg) were obtained from the University of Missouri Beef Research Farm. All were previously exposed to heat challenge conditions in the summer field environment and considered to be heat-adapted to early July conditions associated with mid-Missouri. Animals were divided randomly into two unshaded feedlot pens (six steers per pen) for 15 days, with a typical feedlot finishing diet (Table 1 ; provided once daily midmorning) and water available. Both were provided ad libitum. Feedlot pens were identical in size (8×18 m) and located adjacent to each other. The experimental and surgical protocol #3160 was approved by the University of Missouri Animal Care and Use Committee.
Procedure
Data loggers (Hobo H8 Pro; Onset Computer, Bourne, MA; accuracy: ±0.2ºC and ±3% RH) were used to record T a and %RH, together with T bg (hollow copper sphere; 15.24 cm diameter; flat black exterior; Bond and Kelly 1955 ; located within animal pens) for assessment of radiant heat load. Both THI (Thom 1959 ; THI = t dry bulb + 0.36t dewpoint + 41.2) and BGTHI (Buffington et al. 1981 ; BGTHI = t black globe + 0.36t dewpoint + 41.2) indices were calculated using these recorded ambient values. Determinations of respiration rate (RR) were made by counting flank movement over a 1-min interval twice a day (i.e., 0800 and 1500 hours). These points were selected prior to data collection for the experiment for measurement of respiration rate because they represent both low and high points of the daily T core cycle based on preliminary data from our laboratory. Core body temperature was recorded continuously for each animal using a calibrated, telemetric, temperature transmitter (CowTemp Model BV-010; Innotek, Garrett, IN) inserted into the peritoneal cavity approximately 9 weeks prior to start of the study. CowTemp transmitters were factory calibrated (0.05°C resolution; 0.3°C accuracy), and accuracy verified in the laboratory using an NIST (National Institute of Standards and Technology) thermometer before and after implantation.
For implantation, each animal was restrained standing in stocks with a head gate. The left flank was clipped and surgically scrubbed with a betadine/alcohol preparation. The temperature transmitters were stored in Zepharin chloride for a minimum of 2 h prior to implantation. A celiotomy was performed with a 20 cm vertical incision in the left flank skin and musculature where the temperature transmitter was inserted (diameter 4 cm; length 7 cm). Sterile, nonabsorbing suture was used to attach the transmitter to the ventral body wall. The muscle layers were then closed with #3 cat-gut and the skin incision sutured with vetafil. Flunixin meglumine (Banamine) was administered at the end of surgery and repeated doses were given if animals appeared to be in discomfort. Penicillin was given for 3 days post surgery and skin sutures were removed after 10 days.
Experimental design
The entire study covered a 12-day period of active data collection. Data collection and analysis did not begin until day 2 ( Fig. 1) to coincide with a stable T a range that represented a baseline, thermoneutral period for this time of year (i.e., midsummer). Ambient temperature progressively increased over the following 10 days to peak on days 13-14. For analyses, animal and temperature data were reduced to hourly averages for each day. Four periods of 2 consecutive days were then assigned to the data set to represent the transition from thermoneutral to heat stress conditions. Each animal's hourly data for these days was averaged, reducing the number of data points for a single animal from 48 to 24. This process was used to minimize potential variance by homogenizing days within a period, and to limit transmitter artifacts associated with particular animals. Another day separated each period to serve as an assigned "barrier" between two data sets. These days were not used in any analyses of response. Animals were also ranked individually based on minimum and maximum T core to look at animal variation.
Statistical analysis
The effects of period on ambient variables (T a , T bg , %RH, THI, and BGTHI) were modeled using the repeated measures ANOVA procedures of JMP® (SAS Institute; Cary, NC) with the ambient variable modeled as the dependent variable, with period, time of day, and period by time of day interaction as independent variables that were modeled as fixed effects. In this set of models and all subsequent ANOVA analyses described below, experiment-wise Type I error rate was controlled to α=0.05 utilizing the Tukey HSD adjustment procedures for multiple mean comparisons. A repeated measures ANOVA, constructed using JMP® (SAS Institute, Cary, NC), was also used to test the effects of period on T core . The model included T core as the dependent variable, with the independent variables hour and period fit as fixed effects, and animal within-period and period-by-hour interaction as random effects. Animal was considered the experimental unit.
Respiration rate, T core and T a observations were averaged for each of the 2 days within-period observed at 0800 hours (starting) and 1500 hours (ending). These means were tested by way of ANOVA using JMP® to determine if any statistical differences existed. Of particular interest was the evaluation of starting and ending values of T core across period. Additionally, within-period differences between observations at 0800 and 1500 hours were tested.
Simple linear regression procedures of JMP® were utilized to establish the linear relationships between T a and time of day during the initial rise between 0600 and 0800 hours for each period (Table 3 ). Regression coefficients (slope) for time, and model R 2 are reported, as well as P values for the hypothesis test that the time regression coefficients are significantly different from zero. Similarly, simple linear regression was utilized to establish the linear relationships between T bg and time of day during the initial rise between 0600 and 0800 hours for each period with slope, R 2 and P values reported.
Quadratic regression models were constructed using JMP® with a time delay of 0, 1, 2, and 3 h for response variable, T core , to explore the relationships with ambient conditions ( Table 4 ). The data was partitioned into three sets that included T core and ambient variable pairs for all hours of the day, observations from 0700 to 1800 hours, and observations at 0800 and 1500 hours. These models were designed to determine which combination of delay in response, ambient condition, and data collection strategy best describes changes in T core . Model R 2 values are reported and were used in the determination of model sufficiency.
Models relating maximum values for RR and T core to animal and ambient variables were constructed by multiple regression analysis using the all-subsets selection method of model building included in the regression procedures of SAS statistical software (SAS Institute). Mallows Cp criterion (Mallows 1973) was used for selection of the best subset of variables (Bayarri et al. 2003) . Animal values were selected using the average of 2 days for each animal and hour within each period. Environmental values for each period were determined across all hours of the day using the average of both days within each period for T core and the average of both days at 0800 and 1500 for RR. The comparisons with the highest R 2 and lowest Cp criterion were selected as the best fit relationship.
Results
Average daily T a for each period progressively increased over time ( Fig. 1 period being significantly greater than the previous. In the case of T a , THI, and BGTHI, the increase was significant (α=0.05) as periods progressed from first to last with the fourth period being always higher than the preceding periods (Table 2) . Air temperature exhibited a progressive increase across the four periods of study ( Fig. 1 ; Table 2 ). On average across all days in the study, T bg temperature increased to be above T a at 0700 and decreased to be below T a at 2100 hours ( Fig. 1 ). Black globe temperature was greater than T a for 58% of the day with an average temperature difference of 7.3°C. The average daily change in T a for each period as a function of hour of day is shown in Fig. 2 . A summary of the four periods provided the pattern for the daily change in T a . The lowest T a occurred at 0500-0600 hours (20.7°C) with significant increases (α=0.05) to 1000 hours (27.4°C) and then 1300-1 4 0 0 h o u r s ( 3 0 . 7°C ) . A f t e r 1400 hours, there were significant T a reductions (α=0.05) to 2000 (26.5°C) and then to 2200 hours (23.3°C). Black globe temperature was below T a at 0500-0600 (20.3°C; Fig. 1 ), as a result of increased radiant heat loss to the night sky. In fact, T bg averaged 1°C lower than T a from 2200 to 0200 hours throughout the test period. Solar heating resulted in an increase in T bg after 0600 hours, which was more rapid than the increase for T a , with T bg averaging 9.8°C above T a from 1200 to 1400 hours ( Fig. 1 ). Daily peak values in T a and T bg were at 1400 hours, with rapid reductions after this time. The THI and BGTHI values paralleled changes in T a and T bg , respectively, throughout the day. Because of the close relationships between T a and other ambient variables, all additional analyses of ambient thermal stress across periods concentrated on T a .
An examination of daily T a changes across period in the present study showed some similarities and differences. The maximum T a within each period allowed them to be ranked in three groups ( Fig. 2 ; Group #1: Period 1; Group #2: Periods 2 and 3; Group #3: Period 4). In contrast, the minimum point in each period provided an easy separation into two groups ( Fig. 2 ; Group #1: Periods 1 and 2; Group #2: Periods 3 and 4). Within the low point periods, there were differences in the rate of rise (degrees Celsius per hour) in T a from the 0600 hours point ( Table 3 ). The rate of rise in T a and T bg from 0600 to 0800 hours was significant (P<0.01) for Periods 2 and 4, even though they had different low and high starting points, respectively. The rates of rise for Periods 2 and 4 were similar, and 2-to 3-fold greater than for the other periods. This information was used in predicting the daily change in T core .
Daily change in T core in the present study followed T a , with the lowest daily T core , using an average of the periods, occurring at 0700-0800 hours (37.9°C) followed by a rapid, significant increase (P<0.05) to 0900 hours (38.2°C). Hourly increases (α=0.05) occurred after this time to 1300 hours (38.9°C). Peak T core was at 1700 hours (39.1°C), with a significant reduction (P<0.05) by 1900 hours (38.9°C).
An analysis of T core across periods in the present study showed no significant differences (α<0.05) until 1100 hours ( Fig. 3a) . This difference remained in effect through 2000 hours and was associated with Period 4, which was more than 0.5°C above that of the other periods. At no time were the average hourly T core values for the remaining periods significantly different from each other (P<0.05). Even though Periods 3 and 4 had similar low T a at the start of the day (Fig. 2) increase in T a from 0600 to 0800 hours (Table 3) , the T core change during Period 4 was very different from either of these periods. Therefore, factors other than T a must be considered as a predictor of maximum T core response to heat stress. Core body temperature is the integrator of T a and other environmental input that passes through thermal receptors (Hammel 1968) . For this reason, the rate of change in T core over a 2-h period might be an important determinant of the magnitude of the total daily increase in this variable, and both differences and similarities noted previously across the four periods. We were especially interested in the time frame of rapid increase in T a from 0600 to 1200 hours (Fig. 2) . Interestingly, the time frame for the most rapid increase (α=0.05) in T core for all periods was 0500 to 1200 hours (Fig. 3b) . The low point for upward change in T core during the day was 1200 to 1500 hours, with the greatest decrease from 1500 to 2200 hours. The differences in the 2-h rate of change in T core across period provided some explanation for the absolute differences in T core across periods. Period 4 values for the 2-h increase were highest (α=0.05) for all periods and times from 0600 to 1100 hours (i.e., 0.7 to 0.8°C/2-h). The values for Period 4 were significantly higher (P<0.05) than for most of the other periods from 0400-0600 through 1800-2000 hours. The largest negative rate of change in T core was from 1500 to 2100 hours (i.e., −0.4 to −0.6) for Period 4. These large differences in the rate of change in T core during early and late times of the day might explain the significantly larger increase in T core during this period (P<0.05).
The rate of change in T core response to heat stress is important as a determinant of the daily magnitude of heat strain. However, there are additional considerations of the relationships between T core and ambient variables. The two ambient measurements in the present study (i.e., T a and T bg ) are presented in Fig. 4 as predictors of T core . Quadratic relationships were generated for both variables using 24h averages for each animal for each period (i.e., n=1,148). The equations for T a and T bg were T core =42.3102 − 0.3808 T a + 0.0088 T a 2 (Adjusted R 2 =0.55; P<0.0001) and T core = 40.1815 − 0.1590 T bg + 0.0033 T bg 2 (Adjusted R 2 =0.37; P<0.0001), respectively. Each coefficient in these equations was significant at P < 0.0001. It can be seen in Fig. 4 that T a and T bg relationships with T core overlap from approximately 16 to 25°C to explain the night-time overlap seen in Fig. 1 . Air temperature is the better predictor of T core , therefore, additional details were evaluated to show the contribution of each period to the relationship. It can be clearly seen that Period 4 was the primary contributor to the quadratic relationship presented in Fig. 4 . Although mean T a increased more than 5°C from Periods 1 to 3, it was the 3.5°C increase from Period 3 to 4 that defined this relationship. Table 4 presents the R 2 values for the quadratic relationships between T core and T a , T bg , THI, and BGTHI to determine which is the more reliable predictor for T core . With no delay between the T core response and ambient stressor, it is seen that T a is the better predictor. To determine if such a delay would improve the quadratic relationship with T core , delays of 1, 2, and 3 h were evaluated ( Table 4 ). Many of the delays increased the R 2 value above the zero delay level. However, the maximum increase in R 2 from the use of T a with zero delay (i.e., 0.56) was only 0.04 for a 1-h delay. This was not a large enough increase to warrant building a delay component into further evaluations.
The objective presented in Fig. 5a was to compare different segments of the daily T core relationship to T a , using animals in the four periods of the present study to determine which best predicts the quadratic relationship shown in Fig. 4 . The Fig. 4 expression is shown as "All Hours", with hours for both days in each period averaged for each animal. In addition, the 95% confidence interval is shown. The data from 0700 to 1600 hours are plotted to represent the daily period when there is the largest increase in T core . The inset in Fig. 5 presents the average for all animals and all periods across hours of the day. A significant increase in T core occurred (P<0.05) from 0600-0800 (37.93-8.03°C) to 1400-1800 hours (39.02-39.13°C). Therefore, inclusion of data from 0700 to 1600 hours is within this period of increase. The quadratic equation for this relationship was T core =42.9219 − 0.4440 T a +0.0101 T a 2 (adjusted R 2 =0.69; P≤0.05). It is noted that the T a range for the largest increase in T core (i.e., 30 to 37°C) overlaps with the 95% confidence interval for the relationship using all hours of the day. It was expected that the R 2 value would increase with the use of fewer points in the calculation. The third quadratic expression used only for T core values at 0800 and 1500 hours. It can be seen that they fall within the previously noted low and high daily T core ranges of 0600-0800 and 1400-1800 hours (Fig. 5, inset) , respectively. The quadratic equation for this relationship is T core =43.0706 − 0.4687T a +0.0108 T a 2 (adjusted R 2 =0.74; P≤0.05). Once again the adjusted R 2 increases due to an even greater reduction in sample size, and there is overlap during heat stress between this expression and the one that uses all hours of the day.
The relationship between T core and T a was further analyzed using a delay in T core response (Table 4 ) for T a , T bg , THI, and BGTHI, but considering the T core values from 0700 to 1600 and at only 0800 and 1500 hours. The results are presented in the table within Fig. 5 , which shows the adjusted R 2 . The largest increase in this value was with a 1h delay. However, the magnitude of this increase was only 0.02. Respiration rates were only collected at 0800 and 1500 hours in the present study as representatives of daily low and high values, respectively. Figure 6 shows the average RR for these hours in each period together with T core and T a graphs. Both variables increased significantly from 0800 to 1500 hours in each period, with the fourth period displaying the higher level of heat stress (P<0.05). For the most part, both variables demonstrated the impact of heat stress on the thermal status of the animals. However, RR was able to express the higher heat load at 0800 hours in Period 4, which was not seen for T core .
One goal of the present study was to identify the animal and/or ambient determinants of the thermal stress response in cattle. It has been shown in this study that there are important single ambient predictors, such as T a and T bg . In addition, the rate of change in T a from 0600 to 0800 hours, along with the daily low T a , can identify which animals will experience a level of hyperthermia that is above the normal level. Table 5 shows the nine animal and ambient variables used to predict maximum daily RR, using four and five period comparisons. Use of combinations above or below the four to five grouping did not increase R 2 and reduce the Cp value to warrant inclusion in the final analysis. In fact, the use of five point comparisons, as seen in Table 5 , increased R 2 by only 0.01 and raised the Cp value. The only variable that was a part of all the comparisons was minimum T core , indicating its significance in contributing to the maximum daily RR. Interestingly, neither maximum T core nor minimum RR were needed in any of the top comparisons using four variables. The slopes of both T a and T bg increase from 0600 to 0800 hours were next in importance as indicated by their inclusion in four of the top comparisons. It appeared that either of the remaining variables (i.e., minimum T a and T bg , maximum T a and T bg ) could be used with the slope values and minimum T core for Fig. 4 The quadratic relationships of core body temperature to air and black globe temperatures is shown using each of the four periods. Values used in the calculations were hourly averages for each animal across the 4 days in each period. Only points for the air temperature relationship are displayed to illustrate the variance around each fitted line equal effectiveness. Comparison #5 did not require either T a or T bg slopes, but did use maximum and minimum T bg values. This would serve a similar purpose as the early morning slope values to incorporate a component of the daily change in the environment into the analysis. Table 6 presents the statistical analyses to predict maximum T core , which is the traditional indicator of heat strain, using daily animal and ambient variables. The variables used in this evaluation were similar to those used for predicting maximum RR (Table 5 ). Once again, the five component comparison did not provide a significant improvement over the use of four variables, with an increase in R 2 of only 0.01 and a large increase in Cp. In only one of the four variable comparisons (#6) were RR values important in predicting maximum T core , but this was not considered because it resulted in a large increase in Cp. Unlike the usefulness of minimum T core to predict maximum RR, the reverse was not true for RR prediction of maximum T core ; however, limited sampling of only 0800 and 1500 hours were used.
Minimum T core was still the common factor in all the top statistical analyses to predict maximum T core . Another similarity with the prediction of maximum RR was the incorporation of 0600 to 0800 slopes for T a and T bg into all of the top five predictions for maximum T core . The benefit of the T a slope in the model is illustrated by comparisons #1 and 5 ( Table 6) where removal of the slope value results in a decrease in R 2 from 0.85 to 0.71, and a 10-fold increase in Cp. As for the prediction of maximum RR, any of the four remaining variables could be used in the statistical analysis Fig. 5 Comparison of different quadratic expressions of core body temperature as a function of air temperature to determine the minimum number of daily points (main figure) and the maximum hour delay for core body temperature response (Inset A) was required to best determine heat strain. The relationship using all hours of the day shows the fitted 95% confidence interval as a dotted line. Inset B Averaged hourly core body temperature across periods for the average of each animal within each period. This shows that the increase from 0700 to 1600 hours represented the period of greatest increase in core body temperature, and that 0800 and 1500 hours represented the low and high points, respectively, in core body temperature throughout the study. The inserted table presents the R 2 values for each of the three relationships with 0-3 h delays in core body temperature response without changing R 2 or Cp values. These similarities between the components of models for maximum RR and T core were expected after noting the parallel shifts in both variables from 0800 to 1500 hours in all periods (Fig. 6) . Ultimately, statistical model #5 would be the best choice for use in the field environment as it did not require the measurement of T bg and, as a result, needs measurements of only T a and T core .
Discussion
Several researchers have developed models to predict thermal strain in cattle due to summer heat stress (Howden and Turnpenny 1998; Gaughan et al. 1999; Brown-Brandl et al. 2005b; . Brown-Brandl et al. (2005b) stated that, at minimum, the indicator should utilize a current weather parameter, such as air temperature, percent relative humidity, wind speed, or solar radiation. However, an indicator based on the thermal status of the animal such as respiration rate or body temperature combined with meteorological parameters may serve as an integrated predictor of the animal strain. Many of these models are very complex and require background information about each animal to be accurate. A second order polynomial regression was used to relate T a , T bg , THI, BGTHI and T core in the present study. The relationships withT a had the greater correlation with T core . This superior relationship is consistent with previous research (Chemineau and Ravault 1984) . In a study conducted by Dikmen and Hansen (2009) , the authors compared eight different THI equations and other meteorological variables (wind speed, T a , RH) to determine which best predicted rectal temperature of lactating cows. The results demonstrated that T a was nearly as good a predictor of rectal temperatures of lactating Holsteins as any of the THI equations (R 2 =0.41 versus 0.43). Similarly, da Silva et al. (2007) , looking at six different indicies, found THI and BGTHI had the lowest correlations with rectal temperature and respiration rate. In Missouri, percent relative humidity is relatively low in comparison to southern United States. For this reason THI, which relies heavily on the humidity component, may not significantly contribute to predictions of thermal stress in this region of the US. Likewise BGTHI, which uses T bg instead of T a , did not improve the prediction of T core . Chemineau and Ravault Min T core X 1 X 1 X 1 X 1 X 1 X 1 X 1 X 1 X 1 X 1 X 1 Max T core X 2 X 2 X 2 X 2 X 2 X 2 Min RR X 3 T a Slope X 4 X 4 X 4 X 4 X 4 X 4 X 4 X 4 X 4 BG Slope X 5 X 5 X 5 X 5 X 5 X 5 X 5 X 5 X 5 X 5 Min T a X 6 X 6 X 6 X 6 Max T a X 7 X 7 X 7 X 7 Min BG X 8 X 8 X 8 X 8 Max BG X 9 X 9 X 9 X 9 X 9 R 2 0. (1984) determined that overall T a showed greater correlation with rectal temperature compared to T bg ; however, the two variables exhibited similar correlations during the summer. In the present study, T a and T bg separated above a critical environmental temperature of 25°C due to a lag in the T core response (Fig. 4) . This lag in the T bg response compared to T a is due to the rapid rate of rise in T bg throughout the day, which continues for a longer period than for T a (Fig. 1) . The T bg value combines the influence of T a , air movement and radiant heat load (Bond and Kelly 1955) , and has often been used as a general model for animals for the exchange with the environment. Gaughan et al. (2008) also considered it to be important as it is included in a new Heat Load Index for beef cattle together with relative humidity and wind speed to predict panting score. The critical point for T a -induced increase in T core in the present study was approximately 25°C. Others have reported a similar critical T a (Hahn et al. 1992; Lefcourt and Adams 1996; Leonard et al. 2001) . In some cases, the studies were performed in environmental chambers (Hahn et al. 1992; Leonard et al. 2001 ) without the impact of solar radiation. Hahn et al. (1992) , using fractal analysis, determined that the threshold T a was 25°C for growing cattle. Leonard et al. (2001) , using break-point analysis, derived a similar T a threshold between 24.8 and 25.1°C. Lefcourt and Adams (1996) found that the threshold for the increase in T core was 25.6°C. This latter study, like the present one, was run in unshaded feedlots. It is interesting to note that, regardless of the presence of solar radiation, the threshold T a were very similar. This T a level appears to be very important and warrants further study as it has also been reported to be the threshold T a for a decline in feed intake (Hahn 1999) and an increase in sweating rate (McLean 1963) .
Minimum daily T core in the present study usually occurred during morning (0500-0700 hours), and were consistent with the daily minimum T a (0700-0800 hours). However, despite relatively large differences in morning T a (Fig. 2) , animals were able to bring minimum T core to a similar level during each morning period after nighttime recovery. The increase in core-to-ambient thermal gradient at night enhanced heat dissipation and resulted in a rapid reduction in T core regardless of the daytime high T a . This phenomenon, known as nighttime cooling, has been documented by many others (Scott et al. 1983; Igono et al. 1992; Blackshaw and Blackshaw 1994; Gaughan et al. 2008) , and is becoming exceedingly important as research continues to show that nighttime low T a appears to be just as important as daytime high T a in determining heat stress response . It is also believed that the nighttime recovery period is an essential element for survival during severe heat waves (Nienaber and Hahn 2007) . Igono et al. (1992) found that the cool portions of the day (below 21°C) provided a margin of safety for reducing the effects of heat stress on production. In the present study, animals were housed in unshaded feedlots allowing them to easily radiate heat to the night sky and surroundings. This nighttime cooling allowed steers to minimize the effects of the changing daytime heat stress conditions.
One of the major objectives for this paper was to determine an adequate predictor of stress. The first step in accomplishing this was to determine the relationship between thermal status of the animal and the environment thermal stress. Thermal status is often assessed using physiological parameters such as RR or T core . McDoweIl (1972) found that increased RR is the first outward indication that a cow is responding to increased thermal load. This is expected as increased RR is one of several heat loss mechanisms that precede a change in T core to effectively maintain normal heat balance. Gaalaas (1945) reported that variability of RR increases sharply as T a rises above 21°C. Likewise, Hahn et al. (1997) found the threshold for respiration rate to be 21.3°C. This is much lower than the threshold of 24-25°C for increased core body temperature and decreased feed intake (Hahn et al. 1992) . Likewise, RR is more readily observable in the field than many indicators of stress such as core body temperature. Respiration rate also shows a good repeatability during successive heat exposures. Previous research has suggested that RR may not be a good measure for discriminating differences in thermal status among individuals (Bianca 1963; Hahn et al. 1997) . Bianca (1963) , while examining individual animal variation, found that some animals tended to have consistently higher or lower RR than others at all T a . Hahn et al. (1997) reported similar findings also showing that the T a threshold for increases in RR varies across individuals (17°C to 23°C). In the present study, individual animals were ranked based on minimum and maximum T core to look at animal variation. Similarly to RR, these rankings showed that some animals maintained a lower T core regardless of T a (Fig. 7) . These rankings were remarkably consistent across period in terms of minimum T core , but not maximum T core (Fig. 7) . It is interesting to note that while RR has a higher repeatability and similar individual animal variation than T core , stepwise regression results showed that RR at 0800 was not a necessary component to predict maximum T core or RR at 1500.
One component present in other predictive models is a lag in the T core response to T a . This lag behind T a is attributed to the thermal inertia associated with the large body size of cattle (Scott et al. 1983; Hahn 1989; Hahn 1999; Mader 2003; Parkhurst 2010) . However, data from these studies are inconsistent, showing that T core can lag behind T a from 1 to 5 h, and is highly dependent on ambient conditions. In the present study, the analysis of a T core lag yielded no benefit to T a correlations (Table 4) , and was left out of the analysis to create the simplest model. In contrast, T bg , which had a greater rate of rise compared to T a , did increase the correlation coefficient when a lag effect was tested (Table 4) . There are several possible explanations for the diminished lag response in the current study. The lack of a delay effect is likely due to the greater and more rapid impact of direct solar radiation on the heating process compared to indirect heating within shaded or indoor facilities. In addition, the daily increase in thermal stress may not have been of sufficient magnitude, especially with the nighttime low around 25°C, to elicit the pronounced lag seen in other studies (Hahn 1989; Mader 2003; Parkhurst 2010) . Another reason for the difference in this study is possibly the location of the telemetric transmitter in the body. Several studies have demonstrated that while many sites used for body temperature measurement (i.e., tympanic, rectal, vaginal, sub-dermal, and ruminal) are correlated with each other, some areas are more reflective of changes in the external environment (Guidry and McDowell 1966; Seawright et al. 1984; Hahn et al. 1990 ). Hahn et al. (1990) , in a controlled chamber study, found that subdermal sites were influenced rapidly by environmental stimuli, while tympanic remained fairly constant. Rectal temperature, under the same conditions, was the most constant and the last temperature to change with ambient. Similarly, Seawright et al. (1984) showed that subdermal temperatures reflected the dynamic ambient environments more than core body temperature response sites in humans. In the current study, telemetric transmitters were surgically implanted into the abdominal cavity of the animal, which may better reflect core body temperature changes to external stimuli (Hahn et al. 1990 ).
Many independent ambient variables have been used to predict rectal temperature for cattle (Brown-Brandl et al. 2005a ). Kabuga (1992) found that minimum and maximum air temperature on the previous day, combined with the current day, yielded a good correlation to peak rectal temperature. Others use THI, respiration rate, and average air temperature (Ingraham et al. 1979) . While these measures do yield a high correlation with rectal temperature, many of the variables used require computers to forecast weather data to plug into the model (Eigenberg et al. 2003) . Although many ambient variables were Fig. 7 Maximum and minimum core body temperature values for each animal in each period is shown. Periods are indicated by numbers near the start of each line correlated with T core in the present study, minimum T core proved to be the necessary component to predict maximum T core . However, measurement of T core presents a problem, as it is often difficult to obtain continuously. Though this is not a new technology (Bligh and Robinson 1963) , it has taken some time for the application of continuous measurements to catch up. Continuous measurement systems are relatively expensive and may require time consuming calibrations, but should become less of an issue as telemetric transmitters become widely available. Another component in the regression analysis was T a slope from 0600 to 0800 hours. The slope indicates how fast the temperature is changing over this 2-h period, and is a reliable determinant of the level of thermal stress for the entire day assuming a normal T a trajectory. Rate of change in ambient conditions has not been extensively studied in correlation with T core , but is known to be important in other physiological systems (i.e., thermoreceptors in the skin sense rate of temperature change causing an increase in neuron firing rate; Wurster and McCook 1969) . Many researchers (Gaalaas 1945; Kabuga 1992; Arias and Mader 2009 ) measure this change from minimum to maximum daily levels but have not accounted for the importance of the initial rise and the differing rates throughout the day.
One of the objectives of this study was to determine the minimal set of observations needed to identify peak daily thermal strain (Fig. 5a ). Segments of the daily T core relationship to T a were compared using animals in the four periods to determine which produces the greatest R 2 using a quadratic relationship (Fig. 4 ). Segments included "All Hours", the daily rise in T a (i.e., 0700 to 1600) and only 0800 and 1500. The last segment was to correspond with the measurement times for RR. These results demonstrate that during a moderate to significant heat stress (i.e., the largest daily increase in T core ), a measurement of T core at only the lowest (i.e., 0800) and highest (i.e., 1500) air temperatures of day are sufficient to predict heat strain that is comparable to using all hours of the day. This has important implications for producers, suggesting it may not be necessary to purchase expensive telemetric transmitter systems to continuously monitor animals.
The goal of any predictive model is to predict as accurately as possible a given response with the lowest number of variables. That said, there are two major issues in developing predictive models for predicting animal responses to air temperature. The first issue is correlating some measurable parameter (i.e., T core , RR, skin temperature, etc.) to the thermal status of the animal. The present study has identified minimum T core as a necessary component to predict the thermal status of the animal. The second and largest issue is the reliance on meteorological variables. These values such as air temperature, relative humidity, radiation, and wind speed have all been used in prediction models. However, these values are determined from meteorological and computer forecast models with a large error rate (Orrell et al. 2001) comparable to that of the scientist trying to predict the thermal status of the animal. The goal of this paper was not to develop a model for prediction, but to identify variables that may be important for development of models. The present study under moderately stressing summer conditions found that a rise in air temperature and black globe between 0600 and 0800 (measured in slope) are important components to predict thermal status. Minimum and maximum temperatures were also components used in the stepwise regression, but as stated above, minimum T core is the determining factor for having an accurate prediction.
